ABSTRACT An assessment was made of the fumigant toxicity of 36 constituents from lemon balm oil (LBO) and summer savory oil (SSO) and another additional nine previously identiÞed compounds of the oils, as well as of the control efÞcacy of four experimental spray formulations containing individual oils (0.5 and 0.1% sprays) and spinosad 10% suspension concentrate (SC) to females from B-and neonicotinoid-resistant Q-biotypes of Bemisia tabaci (Gennadius) (Homoptera: Aleyrodidae ) were the most toxic compounds toward Q-biotype females, followed by (1S)-(Ϫ)-borneol, ␣-terpineol, nerol, linalool, and carvone (1.06 Ð1.38 g/cm 3 ). The toxicity of these compounds was virtually identical toward both biotype females, indicating that the terpenoids and the insecticides (neonicotinoids and dichlorvos) do not share a common mode of action or elicit cross-resistance. The 0.5% spray of LBO, SSO, and spinosad 10% SC resulted in Ͼ90% mortality toward both biotype females. Global efforts to reduce the level of toxic synthetic insecticides in the agricultural environment justify further studies on LBO-and SSO-derived materials as potential contact-action fumigants for the control of B. tabaci populations.
insecticide resistance or welfare concerns will have a serious impact on the proliferation of B. tabaci. Therefore, there is a critical need for the development of eco-friendly alternatives with novel target sites to establish an efÞcient management strategy and tactics for the control of B. tabaci, particularly contact-action fumigants for easier application in greenhouses, because adult feeding, mating and oviposition, and larval development occur on the lower surfaces of leaves (Coudriet et al. 1985) , which are not easily reached by conventional spraying of insecticides.
Bioinsecticides derived from plant essential oils may provide potential alternatives to conventional insecticides. This approach is appealing largely because the oils constitute a potential source of bioactive secondary substances that are perceived by the general public as relatively safe, with fewer risks to the environment, and minimal impacts to human health , Isman 2006 . Certain essential oil constituents can act at multiple and novel target sites (Kostyukovsky et al. 2002 , Priestley et al. 2003 , Isman 2006 , thereby reducing the potential for resistance ). These potential bioinsecticides can be applied to the resting and hiding places of B. tabaci in the same manner as conventional insecticides. Much effort has been focused on them as potential sources of commercial insecticides, in part because certain essential oil preparations containing active constituents meet the criteria of minimum-risk insecticides (Isman 2008) . In particular, it was initially reported that essential oils of lemon balm, Melissa officinalis L. (Lamiaceae), and summer savory, Satureja hortensis L. (Lamiaceae), were shown to have potent insecticidal activity toward females from the Band Q-biotypes of B. tabaci . Currently no literature assessing the potential of these oils and their constituents for the control of the B-and Q-biotypes of B. tabaci is available, despite excellent pharmacological actions of the oils (Lawless 2002 ).
In the current study, an assessment is made of the toxicity of summer savory oil (SSO) and lemon balm oil (LBO) constituents and another additional nine previously identiÞed constituents of the oils (Patora et al. 2003 , Koliopoulos et al. 2010 , Figueredo et al. 2012 to females from the B. tabaci B-biotype and Q-biotype resistant to neonicotinoid insecticides (acetamiprid, imidacloprid, and thiamethoxam) . Fumigant toxicities of these compounds were assessed using a vapor-phase mortality bioassay because of fumigant action of the oils toward both biotypes ) and compared with that of dichlorvos with fumigant action (Tomlin 2003) . In addition, the efÞ-cacy of four experimental spray formulations containing the essential oils (0.5 and 0.1% sprays) toward both biotypes was evaluated using a spray bioassay and compared with that of currently available spinosad 10% suspension concentrate (SC) to assess their use as future commercial insecticides. The modes of insecticidal action and delivery of the constituents are also discussed.
Materials and Methods
Materials. SSO and LBO were purchased from Berjé (BloomÞeld, NJ). Thirty-six compounds identiÞed in the essential oils and another additional nine previously identiÞed compounds of the oils (Patora et al. 2003 , Koliopoulos et al. 2010 , Figueredo et al. 2012 examined in this study are listed in Table 1 , along with their sources. Dichlorvos (99.7% purity) was purchased from Fluka (Buchs, Switzerland). Commercially available spinosad 10% SC was supplied by Dongbu HiTek (Seoul, South Korea). Triton X-100 was purchased from Coseal (Seoul, South Korea). All other chemicals used in this study were of reagentgrade quality and available commercially.
Experimental Spray Formulations. Four experimental spray formulations containing SSO or LBO Koliopoulos et al. (2010) . d Lemon balm oil constituents reported by Patora et al. (2003) . e Constituents of summer savory oil reported by Figueredo et al. (2012) . f Lemon balm oil constituents identiÞed by coelution of authenticated samples following coinjection.
were formulated to determine the effective insecticidal products. The 0.5 and 0.1% spray formulations (50 ml) were composed of 0.5 and 0.1% of the corresponding oils, respectively, 0.02% emulsiÞer (Triton X-100), 5% ethanol, and sterile distilled water at 94.48 and 94.88% in a 60-ml polyethylene container with a pump spray nozzle. A single spray application of 0.5 and 0.1% formulations delivered Ϸ0.32 and 0.064 l of total material to a leaf of eggplant (4 Ð5-leaf stage), respectively. Whiteflies. The stock cultures of the B-and Qbiotypes of B. tabaci were separately maintained in insect rearing rooms to prevent crosscontamination without exposure to any known insecticide from 2008 and 2009, respectively. The Q-biotype females showed high levels of biotype susceptibility ratio (BSR, Q-biotype LC 50 /B-biotype LC 50 ) to thiamethoxam (Ͼ1,765), imidacloprid (Ͼ429), and acetamiprid (31), and low levels of BSR to cypermethrin, dichlorvos, pirimiphos-methyl, pyridaben, and spinosad (1.2Ð1.6; Chae et al. 2011) . Whiteßies were reared in acrylic cages (40 by 40 by 40 cm) under the same conditions as those reported previously by Chae et al. (2011) .
Chromatographic Analysis. A PerkinElmer Clarus 680 gas chromatograph (Fort Belvoir, VA), equipped with a split injector and a ßame ionization detection system, was used to separate and detect the constituents of SSO and LBO. Analytes were separated with an Agilent 30 m by 0.25 mm i.d. (d f ϭ 0.5 m) DB-5MS capillary column (J&W ScientiÞc, Folsom, CA). Flow rate of the helium carrier gas was 1.0 ml/min. The oven temperature was programmed from 50ЊC, held for 5 min, and then ramped at 5ЊC/min to 280ЊC, and held for 10 min. The injector temperature was 280ЊC. The linear velocity of the helium carrier gas was 34 cm/s at a split ratio of 1:20. Chemical constituents were identiÞed by coelution of authenticated samples after coinjection.
Gas chromatographyÐmass spectrometry (GC-MS) analysis was performed using a PerkinElmer Clarus 680/680T gas chromatographÐmass spectrometer. The capillary column and temperature conditions for the GC-MS analysis were the same as those described above for GC analysis. The ion source temperature was 250ЊC and the interface temperature was 280ЊC. The mass spectra were obtained at 70 eV. The sector mass analyzer was set to scan from 35 to 550 amu every 0.17 s. The constituents were identiÞed by comparison of the mass spectra of each peak with those of authentic samples in a mass spectrum library (Anonymous 2008).
Vapor-Phase Mortality Bioassay. Because of the fumigant action of SSO and LBO ), a vapor-phase mortality bioassay was used to evaluate the fumigant toxicity of all compounds to females from the B-and Q-biotypes of B. tabaci. Leaves of greenhouse-grown cucumber plants were collected, and segments (3 by 3 cm) were cut from each leaf. Each leaf segment was placed onto the bottom section of a polyethylene container (140 ml). Groups of 25Ð30 females (2 to 3 d old) were separately inoculated onto the leaf segments using a Sibata mini pump MP-2N (Sibata, Tokyo, Japan). Each container was then covered with gauze. Based on the preliminary test results, 4 to 5 concentrations of the test compounds, each in 10 l of ethanol, were applied to 3-cm diameter Whatman no. 2 Þlter papers (Whatman, Maidstone, United Kingdom). After drying in a fume hood for 1 min, each treated Þlter paper was placed onto gauze to prevent direct contact. The container was then sealed with the original tight-Þtting lid. Dichlorvos served as a positive control and was similarly formulated. Negative controls (i.e., no test material or insecticide) consisted of 10 l of ethanol only.
Treated and control (ethanol only) females were held at 25 Ϯ 1ЊC, 40 Ð 60% relative humidity, and a 16:8-h (L:D) cycle. A female was considered dead if its body and appendage did not move when prodded with a Þne wooden dowel 24 h posttreatment . Because not all bioassays could be conducted at the same time, treatments were blocked over time with a separate control treatment included in each block (Robertson and Preisler 1992) . Freshly formulated solutions were used for each block of bioassays. All treatments were replicated three times using 25Ð30 females per replicate.
Spray Bioassay. A spray bioassay ) was used to evaluate the efÞcacy of the four experimental spray formulations toward the B-and Q-biotype females. Petioles of eggplant leaves (4 Ð5-leaf stage) wrapped with water-soaked cotton in Eppendorf tubes (1.5 ml) were separately put into vials (20 ml) positioned on the corner of rectangular acrylic containers (6.5 by 6.5 by 9.7 cm). Each test emulsion was sprayed two and three times onto the upper and back parts of a leaf, respectively. After drying for 1 h, each vial was placed onto the bottom section of the acrylic container with a Þne wire screen covering a 4-cm diameter central hole on the upper and bottom sections. Groups of 30 Ð35 females were separately placed onto the leaves. Spinosad 10% SC served as a positive control because the commercial formulation was highly effective toward the B-and Q-biotype females . Negative controls consisted of the ethanolÐTriton X-100 solution in distilled water or water. Mortalities were recorded as stated previously. All treatments were replicated three times using 30 Ð35 females per replicate.
Data Analysis. Data were corrected for control mortality using AbbottÕs (1925) formula. Mortality percentages were transformed to arcsine square root values for analysis of variance. The Bonferroni multiple-comparison method was used to test for signiÞ-cant differences among the treatments (SAS Institute 2004, version 8.01, SAS Institute, Cary, NC). A Student t-test was used to test for signiÞcant differences between the two treatments (SAS Institute 2004) . Means Ϯ SE of untransformed data are reported. ConcentrationÐmortality data were subjected to probit analysis (SAS Institute 2004) . The LC 50 values of each biotype and their treatments were considered to be signiÞcantly different from one another when their 95% CL failed to overlap. BSR was determined as the ratio of LC 50 of Q-biotype females to LC 50 of B-biotype females .
Results

Chemical Composition of Summer Savory and
Lemon Balm Oils. SSO and LBO were composed of 3 major (Ն3.0%) and 32 minor constituents and 6 major (Ն3.0%) and 40 minor constituents, respectively, by comparison of mass spectral data and coelution of the authenticated samples after coinjection ( Table 2) . The three major constituents of SSO were carvacrol, ␥-terpinene, and p-cymene, and comprised 54.1, 18.5, and 16.3% of the oil, respectively. The six major constituents of LBO were citronellal, geraniol, citronellol, geranyl acetate, citronellyl acetate, and limonene, and comprised 37.7, 20.6, 9.1, 3.7, 3.0, and 3.0% of the oil, respectively.
Fumigant Toxicity of Test Compounds. The fumigant toxicity of the 45 compounds and dichlorvos to the B-biotype females of B. tabaci was evaluated using a vapor-phase mortality bioassay (Table 3) . Based on 24-h LC 50 values, thymol (0.25 g/cm 3 ) was the most toxic compound, followed by carvacrol (0.40 g/ cm 3 ). These compounds were 50 and 80 times less toxic than dichlorvos. The LC 50 of nerol, linalool, citral, carvone, ␤-citronellol, (1S)-(Ϫ)-borneol, terpinen-4-ol, ␣-terpineol, caryophyllene oxide, geraniol, (Ϫ)-isopulegol, and 1-octen-3-ol is between 1.07 and 1.56 g/cm 3 . Low and no toxicity were observed with the other 9 compounds (LC 50 , 2.49 Ð5.09 g/cm 3 ) and 22 compounds (LC 50 , Ͼ7.14 g/cm 3 ), respectively. Mortality in the ethanol-treated controls was Ͻ3%.
The toxic effects of all compounds on the Q-biotype females were likewise compared (Table 3) . Interestingly, all toxic compounds (except for citral and ␣-terpineol) were of equal toxicity to both B-and Q-biotype females, indicating a lack of cross-resistance in the Q-biotype females. As judged by 24-h LC 50 values, thymol and carvacrol were the most toxic compounds and were 1.8 and 2.8 times less toxic than dichlorvos.
Biotype Susceptibility. The BSR varied according to the compound examined (Table 3) . Citral was more toxic toward the B-biotype females than Q-biotype females, whereas ␣-terpineol was more toxic toward the B-biotype females than Q-biotype females because 95% CIs of LC 50 values of the B-biotype females did not overlap with those of the Q-biotype females. However, there was no signiÞcant difference in toxicity to the other 21 toxic compounds between the Band Q-biotype females. Dichlorvos had the largest BSR, indicating that the insecticide was the least selective compound.
Efficacy of Experimental Spray Formulations. The control efÞcacy of four experimental spray formulations containing SSO or LBO toward the B-and Qbiotype females was compared with that of spinosad 10% SC using a spray bioassay (Table 4 ). The 0.5% spray formulation of SSO and LBO resulted in 99 and 91% and 91 and 84% mortality toward the B-and Q-biotype females, respectively. Spinosad treatment resulted in 96 and 93% mortality toward the B-and Q-biotype females, respectively. However, the lethality of 0.1% spray formulation of SSO and LBO toward both biotype females was signiÞcantly low.
Discussion
Certain essential oil preparations can be developed into products suitable for integrated pest management because they can be selective, biodegrade to nontoxic products, have few harmful effects on nontarget organisms, and are environmentally nonpersistent (Isman 2006) . They can be used in conjunction with a biological control, as they tend to be relatively harmless to parasitoids and predators (Charleston et al. 2005 , Isman 2006 , Miresmailli and Isman 2006 . For example, a single application of 10% rosemary, Rosmarinus officinalis L., oil spray to greenhouse tomato at a company recommendation label rate (7.5 ml/liter for Tetranychus urtice Koch on tomato) reduced a mite population by 52% and did not cause any phytotoxic effect on foliage, ßowers, or fruit of tomato (Miresmailli and Isman 2006) . At the same rate, the formulation did not cause any mortality in a predator Phytoseiulus persimilis Athias-Henriot or affect their eggs (Miresmailli and Isman 2006) . Some plant essential oil preparations manifest insecticidal activity toward B. tabaci (Aslan et al. 2004 , Yang et al. 2010 , Tia et al. 2011 ) and have been proposed as alternatives to the conventional insecticides. For example, the 0.5% experimental sprays of catnip, cinnamon bark, clove bud, clove leaf, davana, garlic, oregano, savory, and vetiver Haiti oils resulted in 90 Ð100% mortality toward the B-and Q-biotype females ). In the current study, the insecticidal principles of SSO were determined to be the terpenoids thymol, carvacrol, linalool, carvone, (1S)-(Ϫ)-borneol, terpinen-4-ol, ␣-terpineol, and caryophyllene oxide, while those of LBO were determined to be carvacrol, linalool, citral, ␤-citronellol, (1S)-(Ϫ)-borneol, terpinen-4-ol, ␣-terpineol, geraniol, and (Ϫ)-isopulegol. Besides these compounds, nerol and 1-octen-3-ol were also highly toxic. Nevertheless, all of the individual compounds were signiÞ-cantly less effective than dichlorvos toward the B-biotype females. However, thymol and carvacrol were slightly less toxic than dichlorvos toward the Q-biotype females, which showed high levels of resistance to dichlorvos and neonicotinoids (acetamiprid, imidacloprid, and thiamethoxam; Chae et al. 2011 ). In addition, the control efÞcacy of the 0.5% spray con- Investigations on the modes of action and the resistance mechanisms of bioinsecticides are of practical importance for B. tabaci control because they may provide useful information for the development of biorational insecticides or for future resistance management strategies. In particular, widespread insecticide resistance has been a major obstacle in costeffective B. tabaci management programs. Major mechanisms of resistance to insecticides currently available to control B. tabaci are target site insensitivity that reduces sodium channel sensitivity (mutations in the para sodium channel gene) to pyrethroid insecticides or acetylcholinesterase sensitivity to organophosphorus insecticides and enhanced detoxiÞ-cation of various groups of insecticides, including neonicotinoids (Morin et al. 2002 , Horowitz et al. 2005 , Nauen and Denholm 2005 . Certain plant-derived preparations are highly effective toward insecticideresistant B. tabaci and are likely to be useful in resistance management strategies. For example, three benzofuranoids, ((Z)-butylidenephthalide, (Z)-ligustilide, and (3S)-butylphthalide) were highly effective toward the Qbiotype females resistant to three neonicotinoids (thiamethoxam, imidacloprid, and acetamiprid; Chae et al. 2011) . Alternative B. tabaci control products with novel modes of action, low toxicity to mammals and natural enemies, and little environmental impact are urgently needed. In the current study, the toxicity of some terpenoids described did not differ signiÞcantly between the B-and Q-biotype females resistant to dichlorvos and neonicotinoids after 24 h of exposure. The present Þnding suggests that the active terpenoids and dichlorvos (an acetylcholinesterase inhibitor) and neonicotinoids (agonists of the nicotinic acetylcholine receptor) do not share a common mode of action or elicit cross-resistance. Detailed tests are needed to fully understand the modes of action of the active compounds, although the octopaminergic and ␥-aminobutyric acid receptors have been suggested as novel target sites for some monoterpenoid essential oil constituents in Helicoverpa armigera (Hü bner) (Kostyukovsky et al. 2002) and Drosophila melanogaster Meigen (Priestley et al. 2003) , respectively.
Elucidation of the routes of action of bioinsecticides provides practically important information for arthropod control, such as the most appropriate formulations and delivery means to be adopted for their future commercialization . Plant essential oil volatiles consist of alkanes, alcohols, aldehydes, and terpenoids (particularly monoterpenoids; Lawless 2002). They primarily act as fumigants with additional contact action. The dual fumigant ϩ contact action of certain essential oils has been reported in B. tabaci , Trialeurodes vaporariorum Westwood (Choi et al. 2003) , and Thrips palmi Karny (Yi et al. 2006 ). In the current study, a spray bioassay was used to assess the potential of four experimental sprays containing SSO and LBO for use as commercial insecticides. The 0.5% spray formulations provided good control efÞcacy. The dual fumigant ϩ contact action of the essential oils, as demonstrated through the current vapor-phase mortality and spray bioassays, is of practical importance because it allows the essential oil volatile constituents to reach deep refugees in closed space such as greenhouses, resulting in effective control of B. tabaci. This system has advantages because exposure to volatile compounds can be easily controlled in a greenhouse system using an appropriate automatic control facility.
In conclusion, bioinsecticides containing SSO and LBO could be useful as contact-action fumigants in the control of B. tabaci populations, particularly in light of their activity toward insecticide-resistant Q-biotypes, because the Q-biotype develops greater insecticide resistance to most of the insecticide groups currently available than the B-biotype (Horowitz et al. 2005) . For practical use of the oil-derived products as novel insecticides to proceed, further research is needed to establish their human safety. However, SSO and LBO are used in cosmetics, perfumes, and most major food categories (Lawless 2002 , Moradkhani et al. 2010 ). In addition, changes in the quality of crops treated with the products (e.g., color, ßavor, odor, and texture) and their effects on residues in crops and medicinal plants and nontarget organisms need to be established. Lastly, detailed tests are needed to understand how to improve insecticidal potency and stability for eventual commercial development.
